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Cadmium (Cd), one of the transient metals, is highly toxic and is not required by living 
organisms. Notorious ‘Itai-itai’ disease exemplifies Cd toxicity. Currently low levels but 
more wide spread Cd pollution has been warned. As one of the countermeasures, 
attention is paid to phytoremediation. Because, this technology requires less budget and 
is friendly to the environment while on the other hand it is longsome. As I would like to 
be involved in the environmental pollution issue, in this Ph.D-course study, I have 
performed basic research with the aim to establish the technology of phytoremediation 
and/or to generate crops which do not take up Cd into edible parts.       
   For this aim, I take two approaches to identify novel rice cDNA full-length clone(s) 
which confers Cd tolerance to plant cells. The first one uses a Cd-sensitive 
Saccharomyces cerevisiae strain as a screening host, and the second one uses  an 
Arabidopsis thaliana seed pool in which rice cDNAs are expressed, the so-called rice 
Arabidopsis FOX-hunting system (Full-length cDNA Over-eXpressor gene hunting 
system).   
In chapter I, I describe a novel Cd-tolerance gene, OsDEP1, which is obtained via a 
yeast screening of more than 30,000 rice cDNAs. The gene product, OsDEP1, is a 
highly cysteine (Cys)-rich protein and it is assigned as γ subunit of heterotrimeric G 
proteins during my research progress. Of the 426 amino acid residues constituting 
OsDEP1, 120 are Cys residues (28.2%) of which 88 are clustered in the C-terminal half 
region (amino acid positions 170 to 426). To evaluate the independent effects of these 
two regions, two truncated versions of the OsDEP1-expressing plasmid, 
pOsDEP1(1-169) and pOsDEP1(170-426) are used to examine their effects on yeast Cd 
tolerance. Although OsDEP1(170-426) confers a similar level of Cd tolerance as the 
intact OsDEP1, OsDEP1(1-169) provides no such tolerance, indicating that the 170-426 
C-terminal peptide region is responsible for Cd-tolerance. The Cd responses of 
transgenic Arabidopsis plants expressing OsDEP1, OsDEP1(1-169) or 
OsDEP1(170-426) show similar Cd response to the observations in yeast cells, with 
OsDEP1 and OsDEP1(170-426) transgenic plants displaying Cd-tolerance but 
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OsDEP1(1-169) plants showing no such tolerance. In addition, a positive correlation 
between the transcript levels of OsDEP1 or OsDEP1(170-426) in the transgenics and 
the Cd content of these plants upon Cd application is observed. As several Arabidopsis 
loss-of-function heterotrimeric G protein β and γ subunit gene mutants do not show 
differences in their Cd sensitivity compared to wild type plants, we propose that the 
Cys-rich region of OsDEP1 may directly function as a trap for Cd ions. 
In chapter II, I perform extensive screening for isolating Cd-tolerant rice 
Arabidopsis FOX hunting lines. After screening of about 40,000 Arabidopsis FOX lines 
expressing rice full-length cDNAs, I identified four Cd-tolerant lines, one of which 
carried OsREX1-S as a transgene. OsREX1-S shows the highest levels of identity to 
Chlamydomonas reinhardtii REX1-S (referred to as CrREX1-S, in which REX denotes 
Required for Excision) and to yeast and human TFB5s (RNA polymerase II transcription 
factor B5), both of which are components of the general transcription and DNA repair 
factor, TFIIH. Transient expression of OsREX1-S consistently localized the protein to 
the nucleus of onion cells. Furthermore, transgenic Arabidopsis plants expressing 
OsREX1-S exhibited ultraviolet-B (UVB) tolerance by reducing the amounts of 
cyclobutane pyrimidine dimers produced by UVB radiation. Those transgenic 
OsREX1-S Arabidopsis plants became resistant to bleomycin, an inducer of DNA strand 
break, compared to wild type. Moreover, the transgenic OsREX1-S Arabidopsis plants 
also reproducibly displayed enhanced Cd-tolerance, confirming that the Cd-tolerance of 
the initial identified line was conferred solely by OsREX1-S expression. The results 
indicate that OsREX1-S renders host plants tolerant to Cd, bleomycin and UVB 








Along with industrial progress, our lives have become more convenient. However, 
such human activity promotes environment pollution. The activities such as combustion 
of coal, mining ore, smelting and metal processing result in emission of heavy metals to 
the surface of the earth (Nriagu 1979; Nriagu and Pacyna 1988; Han et al. 2002; 
Clemens et al. 2012). Heavy metal pollution is hazardous to the ecosystem and our lifes 
(Järup 2003; Clemens et al. 2012). We, Japanese, have experienced four big pollution 
diseases. They are (i) Minamata-disease, (ii) Niigata-Minamata disease, (iii) Yokkaichi 
asthma, and (iv) Itai-itai disease. The first two cases were occurred by organic mercury 
contamination in foods. The third one was occurred by air pollution with sulfur dioxide. 
The last one was caused by intake of cadmium (Cd) polluted foods (Tsuchiya 1976). 
Due to its high toxicity, Cd pollution poses serious problems both to our natural 
environment and to human health (Järup et al. 2003).  
Cd, one of the transition metals, is highly toxic and is not required by living 
organisms. The patients of ‘Itai-itai’ disease have sufferred severe pain in the joints and 
spines because of softening of the bones and kidney dysfunction. At biochemical levels, 
it is said that Cd inactivates and denatures structural and functional proteins of 
organisms by binding to free sulfhydryl groups and thereby inhibiting their growth and 
development. Another aspect of Cd toxicity is derived from its chemical similarity to 
metal cofactors or coordinated metals, such as Zn, Fe and Ca, of enzymes, signaling 
intermediates and transcription factors, especially the zinc-finger type (DalCorso et al. 
2008; Verbruggen et al. 2009).  
To avoid Cd-pollution derived health problem, the Japanese Government has 
controlled Cd intake from foods; for example, only the rice containing less than 0.4 mg 
Cd/kg is permitted to take. Furthermore, in 2008, the CODEX commission of 
FAO/WHO had anounced that the Cd content in rice should be less than 0.2 mg Cd/kg. 
The control of Cd in food is expected to be more and more strict. Therefore, Cd 
decontamination of soils and water is an urgent issue to be solved. To address such 
levels of Cd contamination, phytoremediation is being promoted as a promising 
approach (Fig. 0-1), especially as it is more environmentally friendly and imposes a 
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smaller financial burden than alternative physico-chemical approaches. Towards 
establishing easy-to-apply phytoremediation strategies, it is essential to identify 
important factors in the plant genome that can be exploited for such approaches (Choi et 




Fig. 0-1. A schematic drawing how phytoremediation technology works to 
decontaminate Cd from contaminated-soil. Left, plant adsorbs Cd from contaminated 
soil; middle, root-to-shoot translocation is a critical step for phytoremediation; right, 




To remediate heavy metal (including Cd)-contaminated soils, soil replacement or 
chemical leaching is the most efficient way (Glass 2000). Repeatedly those 
physic-chemical measures are less time-consuming, but they are very much expensive 
and destruct the ecosystem. Recently attention is paid to alternative biological measures 
such as bioremediation and phytoremediation (Fig. 0-1). These ways become a 
promising remediation technology. Phytoremediation is using plant ability to absorb 
heavy metals (Fig. 0-1 left). To establish the phytoremediation technology, 
understanding at molecular basis of heavy metals uptake, root growth, root-to-shoot 
translocation, and tissue repair/metal detoxification is needed (Fig. 0-1 middle and 
right). Hence, plant genes, which function in heavy metal uptake, detoxification, 
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translocation from root to shoot, environmental stress tolerance and repair from heavy 




Fig. 0-2. To establish phytoremediation technology, genes in relation with heavy metal 
uptake, detoxification, environmental stress tolerance, translocation and repair (marked 
with circle) are important. 
 
To cope with Cd toxicity effects, plants are known to be equipped with the potential 
to chelate and extrude Cd, to sequester Cd into vacuoles, and to dissipate reactive 
oxygen species (ROS) triggered by Cd. For the chelation of heavy metals, including Cd, 
various cysteine (Cys)-rich proteins are employed by plants. The small Cys-rich 
peptides, metallothioneins (MTs), are the major chelators of Cd (Freisinger 2008). 
Recently, the class A heat shock transcri5ption factor, HsfA4a, was identified as a wheat 
clone that confers strong Cd tolerance in yeast and rice by upregulating the MT gene 
(Shim et al. 2010). Several other Cys-rich proteins, of various sizes and cellular 
localizations, have also been found to provide Cd-tolerance (Kuramata et al. 2009; 
Matsuda et al. 2009; Song et al. 2004; Willuhn et al. 1994). 
For Cd extrusion, AtPDR8, an ATP-binding cassette (ABC)-type transporter, has 
been found to be involved in Cd efflux at the plasma membrane (Kim et al. 2007). In 
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addition, the wheat TM20 gene, which encodes a hydrophobic protein with 20 
transmembrane domains, has been shown to stimulate Cd efflux when overexpressed in 
yeast cells, suggesting that TM20 functions to pump out Cd by an unknown mechanism 
(Kim et al. 2008). Furthermore, yeast cells and Arabidopsis plants constitutively 
expressing the Digitaria ciliaris CDT1 gene have been found to contain less than half 
the Cd levels of their respective controls, indicative of a reduced accumulation of Cd in 
these organisms most possibly through Cd extrusion (Kuramata et al. 2009). Finally, it 
is worth noting that tobacco plants grown in Cd-containing media were found to secrete 
Cd-containing amorphous materials through the tips of their long trichomes, 
demonstrative of the role that trichomes play in Cd extrusion (Choi et al. 2001).  
For Cd sequestration to vacuoles, the Saccharomyces cerevisiae YCF1 (yeast 
cadmium factor 1), a vacuolar-localized ABC-type transporter, is known to function in 
the sequestration of both GSH conjugates and (GSH)2-Cd complexes into the vacuole; 
indeed deletion of this gene (YCF1) renders the host yeast cells Cd-hypersensitive (Li et 
al. 1996). Similarly in plants, two ABC-type vacuolar transporters that mediate arsenic- 
and Cd-tolerance have recently been identified in Arabidopsis (Song et al. 2010; 
Mendoza-Cózatl et al. 2010). P1B-ATPase subfamily members in both Arabidopsis 
(AtHMA3) and rice (OsHMA3) have been shown to be localized to the vacuolar 
membrane (tonoplast) and to be essential for the sequestration of Cd into vacuoles 
(Morel et al. 2009; Ueno et al. 2010; Miyadate et al. 2011). Tonoplast 
membrane-localized Cd
2+
/proton antiporters, such as AtCAX2 and AtCAX4, have also 
been shown to transport Cd without modification into vacuoles (Korenkov et al. 2007). 
Finally, Cd is known to induce oxidative damage, such as through lipid peroxidation, 
which can lead to changes in membrane functionality and protein carbonylation 
(Romero-Puertas et al. 2002, 2004). Antioxidants and antioxidant-synthesizing enzymes 
have been implicated in the enhanced tolerance of plants to Cd toxicity (DalCorso et al. 
2008; Verbruggen et al. 2009). 
Towards the final goal of establishing an effective phytoremediation technology, I 
have performed the following experiments. In chapter I, I use a yeast screening system 
with a Cd-hypersensitive S. cerevisiae mutant. Of six Oryza sativa candidate cDNAs, I 
address the OsDEP1 (Dense and erect panicle 1) gene. The rice DEP1 locus was first 
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identified by two independent research groups with quantitative trait loci (QTL) 
analysis. This gene mainly controls grain yield, grain numbers per panicle, and panicle 
morphology (Fig. 0-3; Huang et al. 2009; Zhou et al. 2009). Deletion of the DEP1 gene 
during rice domestication was proposed to enhance meristematic activity and result in 
reduced inflorescence internode lengths that thereby increased grain numbers per 
panicle and, consequently, grain yields (Fig. 0-3, Huang et al. 2009; Zhou et al. 2009; 
Taguchi-Shiobara et al. 2011; Botella 2012). Furthermore, during my Ph.D. study, 
Arabidopsis AGG3, an ortholog of OsDEP1, is reported to encode a γ subunit of 
heterotrimeric GTP-binding protein (G protein) (Chakravorty et al. 2011; Thung et al. 
2012). Actually, OsDEP1 (1-169 amino acid portion) is determined to be γ domain 
which is required for interaction with Gβ subunit (Fig. 0-4; Botella 2012). Unlike the 
complex mammalian system, Arabidopsis has only one α (GPA1), one β (AGB1) and 
three γ (AGG1, AGG2 and AGG3) subunits as components of the heterotrimeric 
G-protein system (Botella 2012; Thung et al. 2012). So far, AGG3 has been shown to be 
involved in both guard cell K
+
-channel regulation and morphological development 
(Chakravorty et al. 2011; Li et al. 2012a, 2012b). 
 
Fig. 0-3. Rice panicle morphology is controlled by OsDEP1. Left, panicle of rice plant 
having a mutation in OsDEP1 gene; Right, panicle of wild-type rice plant (Cited from 






Fig. 0-4. Relationship between DEP1 allele, the resulting protein and its phenotype in 
rice panicle. Intact OsDEP1 has three functional domains consisting of γ domain, TM 
domain and cys-rich region. γ domain, interaction region with Gβ subunit; TM, 
transmembrane. Two different alleles, dep1 and dn1-1/2, both of which result in deletion 
of most of the cys-rich region, lead to the phenotype with high panicle numbers. The 
other allele, dn1-3, results in frame-shifting just after the region encoding the TM 
domain, displays intermediate phenotype in panicle numbers (Ref.: Trends in Plant 
Science 17:563-568 (2012)). 
 
 
Another target of Cd toxicity may include the DNA replication and repair systems, 
especially the processing of Okazaki fragments (Serero et al. 2008) and the excision and 
mismatch repair processes, respectively (Banerjee and Flores-Rozas 2005; Giaginis et al. 
2006). Several proteins involved in the DNA repair systems with which Cd is known to 
interfere have been reported (Giaginis et al. 2006). One such protein is the DNA 
repair/basal transcription factor IIH (TFIIH, Fig. 0-5, Fig. 0-6) that participates in the 
nucleotide excision repair (NER) pathway (Giaginis et al. 2006) and which is also 
essential for the repair of UV-induced damage. Therefore, one of the targets of Cd 
toxicity may be similar to that of UV-induced damage (Sakamoto et al. 2009). 
Chlamydomonas reinhardtii REX1-S (CrREX1-S), which was identified as a suppressor 
clone for a UV-sensitive Chlamydomonas mutant (Cenkci et al. 2003; Vlček et al. 2008), 
has also been shown to function in DNA repair. The gene’s product, CrREX1-S, has 
sequence homology to Saccharomyces cerevisiae TFB5, a novel component of the 
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above TFIIH (Ranish et al. 2004; for review see Compe and Egly 2012). A yeast mutant 
with a deleted TFB5 was found to be hypersensitive to UV radiation (Ranish et al. 2004), 
and a mutant of its human ortholog accounts for the DNA repair-deficient form of the 
trichothiodystrophy disorder (Giglia-Mari et al. 2004, 2006; Compe and Egly 2012).  
 










Fig. 0-5. The composition of human TFIIH complex. p8 (=TFB5) is identified as a 10
th
 
subunit of the complex (Ref: Nature Reviews Mol Cell Biol 13:343-354 (2012)). 
OsREX1-S is a p8 ortholog in O. sativa.  
 
 
Transgenic Arabidopsis lines expressing rice full-length cDNAs were generated and 
termed rice FOX (Full-length cDNA Over-eXpressor gene hunting) Arabidopsis lines 
(Kondou et al. 2009; Sakurai et al. 2011; Higuchi et al. 2012). As these are 
gain-of-function transgenic lines, they provide a simple means of identifying the 
function of particular transgenes. Towards our final goal of promoting phytoremediation 
as described above, I have used these lines to identify clone(s) that could confer Cd 
tolerance. 
   In the second chapter, I have carried out the screening of rice FOX (Full-length 
cDNA Over-eXpressor gene hunting) Arabidopsis lines. After screening the 40,000 rice 
FOX Arabidopsis lines (Kondou et al. 2009; Sakurai et al. 2011; Higuchi et al. 2012), I 
have identified 4 candidate lines. One of these lines carried OsREX1-S, the product of 
10 
 
which shows a high level of homology to CrREX1-S and to yeast and human TFB5s. 
My findings indicate that OsREX1-S is involved in the nucleotide excision repair (NER) 





Fig. 0-6. TFIIH is a bifunctional enzyme complex. The above figure shows how TFIIH 
complex is involved in excision repair of damaged DNA lesion (Ref: Nature Reviews 





Materials and Methods 
 
Plant materials  
Rice seeds (Oryza sativa cv. Nipponbare) were provided by Dr. Jun Hidema (Tohoku 
University). Seeds of Arabidopsis thaliana L. wild types Col-0 and Landsberg erecta 
(Ler) were provided by the Arabidopsis Biological Resource Center (The Ohio State 
University, Columbus, OH 43210, USA) and the European Arabidopsis Stock Centre 
(The Nottingham Arabidopsis Stock Centre, NASC), respectively. The uvr2-1 mutant 
(NASC ID: N8325), defective in PHR1 that encodes a type II cycloprimidine dimer 
(CPD) photorepair enzyme (Landry et al. 1997) was provided by NASC. The various 
loss-of-function heterotrimeric G protein gene mutants of Columbia background 
(gpa1-4, agb1-1, agb1-2, agg1-1C, agg3-1 and the triple mutant agg1-1C agg2-1 
agg3-1), kindly provided by Prof. J. Botella (University of Queensland, Brisbane, 
Queensland, Australia; Botella 2012). Rice FOX Arabidopsis mutant lines were 
provided by Dr. Minami Matsui (RIKEN, Yokohama, Japan). Rice plants (Oryza sativa 
cv. Nipponbare) were grown hydroponically in 40% strength Hoagland’s solution #2 [2 
mM Ca(NO3)2·4H2O, 2 mM KNO3, 0.8 µM MgSO4·7H2O, 0.0002% FeSO4·EDTA] or 
in soil in a greenhouse. Arabidopsis seeds were germinated and grown on vermiculite in 
a growth chamber at 22°C under a 16 h light/8 h dark photocycle unless described.  
 
Yeast strains  
Yeast strains used in this study were obtained from EUROSCARF 
(http://web.uni-frankfurt.de/fb15/mikro/euroscarf/index.html), Frankfurt, Germany 
unless otherwise mentioned. The wild-type strain used was S. cerevisiae BY4742 with 
the relevant genotype (MATα; his3∆1, leu2∆0, lys2∆0, ura3∆0). To identify cDNA 
clones conferring Cd tolerance to yeast cells, the Cd-sensitive BY4742 ∆ycf1 mutant 
(MATα; his3∆1, leu2∆0, lys2∆0, ura3∆0; YDR135c::kanMX4) was employed. In 
addition, ∆cup2 (MATα, his3∆1, leu2∆0, lys2∆0, ura3∆0, YGL166w::kanMX4) was 







Preparation of O. sativa cDNA library 
O. sativa cv. Nipponbare seedlings were grown in Murashige-Skoog (MS) medium 
(Murashige and Skoog 1962) for two weeks. Total RNA was isolated from fresh rice 
seedlings by the SDS-phenol method (Shirzadegan et al. 1991), and mRNA 
subsequently purified using an mRNA purification kit (QuickPrep mRNA Purification 
kit, GE Healthcare, Milwaukee, USA). The mRNA fraction was then converted to 
cDNA using the SMART cDNA library construction kit (BD Bioscience Clontech, Palo 
Alto, CA, USA). After SfiI enzyme digestion, the resulting cDNA was ligated into the 
SfiIA and SfiIB sites of a modified yeast expression vector, termed pGK1, of p112A1NE 
(Riesmeier et al. 1992), yielding the O. sativa cDNA library. 
 
Isolation of Cd tolerant clones from the rice cDNA library  
To isolate Cd tolerant clones from the rice cDNA library, we introduced the library into 
the yeast ∆ycf1 mutant cells using the lithium acetate method (Ito et al. 1983). Yeast 
colonies that grew on medium containing 20 to 60 µM CdCl2 were selected, their 
plasmids isolated, and these plasmids then re-introduced into ∆ycf1 cells to reconfirm 
the Cd tolerance of the clones.  
 
Construction of pOsDEP1 and its two derivatives  
The fragment covering the open reading frame of OsDEP1 (Os09g0441900) was 
amplified:using:the:primer:pair::Os09g0441900-F:(5'-TTAGGCCATTACGGCCGTGA
AGGCGGCGAGGGT-3', the underlined sequence denoting the SfiIA restriction site in 
this:study):and:Os09g0441900-R:(5'-TTAGGCCGAGGCGGCCTCAACATAAGCAA
CCAC-3', the underlined sequence denoting the SfiIB site in this study). The 
sequence-verified fragment was inserted into the SfiIA and SfiIB restriction sites of the 
yeast expression vector, pGK1, resulting in construct pOsDEP1. The OsDEP1 gene 
encodes a 426-amino-acid residue protein that consists of two domains (Huang et al. 
2009; Zhou et al. 2009; Taguchi-Shiobara et al. 2011); an N-terminal half (1-169) and a 
cysteine-rich C-terminal half (170-426). Thus, two OsDEP1-derived fragments, 
covering the OsDEP1(1-169) and OsDEP1(170-426) regions, were amplified using the 
following primer pairs, respectively: Os09g0441900-F and OsDEP1(1-169)-R 
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(5'-TTAGGCCGAGGCGGCCTCAGTTCGGTTTGCAG-3'), and OsDEP1(170-426)-F 
(5'-TTAGGCCATTACGGCCATGTGCTGTAAACCTAACTGCAG-3'):and:Os09g0441
900-R. The sequence-verified fragments were subcloned into the SfiIA and SfiIB sites of 
pGK1 vector, resulting in the respective constructs pOsDEP1(1-169) and 
pOsDEP1(170-426).  
 
Cd and Cu tolerance assays in agar medium and in liquid culture 
The S. cerevisiae BY4742 ∆ycf1 or ∆cup2 strains were transformed with either the 
pGK1 empty vector (EV), or with pOsDEP1, pOsDEP1(1-169) or pOsDEP1(170-426). 
The S. cerevisiae wild type (WT) BY4742 strain transformed with EV was also used as 
a control. The turbidity of the SD-Ura (synthetic drop-out lacking uracil) liquid cultures, 
inoculated with the respective transformants, was adjusted to OD600 = 1.0, and 10-fold 
serial dilutions then aseptically prepared. Subsequently, 5 µl of each of the dilution 
series was spotted onto SD-Ura agar media with or without 50 µM CdCl2 or 300 µM 
CuCl2, and incubated at 30°C for 3 days. In addition, the growth of the yeast 
transformants described above in SD-Ura liquid media supplemented with 40 µM CdCl2 
was monitored at OD600. 
 
Generation of transgenic Arabidopsis plants 
As the OsDEP1-coding region contained a single SacI site, we first removed this SacI 
site from the OsDEP1-coding region, without changing the amino acid sequence, by 
two-step PCR using OsDEP1 cDNA template, KOD-Plus DNA polymerase (TOYOBO, 
Japan) and the following primer pairs. The first PCR was performed with two primer 
pairs,_DEP-ox-F-(5'-CGGTCTAGACAAGGAGATATAACAATGGGGGAGGAGGCG
GT-3', in which a new XbaI site is underlined and the start codon is double-underlined) 
and dep1-rr (5'-CGGGCTGCGCTCCTTCAAGGAAGT-3', the mutated site is 
underlined), and dep1-ff (5'-AAGGAGCGCAGCCCGTTTCTCGTT-3', the mutated 
site is underlined) and DFP1-ox-R (5'-CAGGAGCTCTCAACATAAGCAACCACT-3', 
in which the new SacI site is underlined and the stop codon is double-underlined). The 
second PCR was then performed on mixtures of the first PCR products using the primer 
pairs, DEP-ox-Fw and DEP-ox-R. In addition to the OsDEP1 (1-426, SacI site mutated) 
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fragment, the OsDEP1(1-169) and OsDEP1(170-426) fragments were also amplified 
with the following primer pairs; DEP1-ox-F and OsDEP1lackCys-rich-ox-R 
(5'-CAGGAGCTCTCAGTTCGGTTTGCAGCA-3', SacI site is underlined), and 
OsDEP1Cys-rich-ox-F(5'-CGGTCTAGACAAGGAGATATAACAATGTGCTGTAAAC
CTAA-3', XbaI site is underlined) and DEP1-ox-R, respectively.  
The OsREX1-S coding region was amplified by PCR using the OsREX1 pBI121 
primer:pair::OsREX1:pBI121:forward:(5’-GCGTCTAGAATGCCTGACCTCCGCCTC
CGATCC-3’, in which a new XbaI site is underlined and the start codon is 
double-underlined):and:OsREX1:pBI121:reverse:(5'-CGCGAGCTCTGTTGGCTTCTC
GTAGCTGTTTTG-3', SacI site is underlined). The sequence-verified fragments 
encompassing the complete OsDEP1 open reading frame (ORF), and OsDEP1(1-169), 
OsDEP1(170-426), and OsREX1-S ORF were digested with XbaI and SacI, and 
subcloned into the respective restriction sites of the binary vector, pBI121 (Clontech), 
yielding pBI121OsDEP1, pBI121OsDEP1(1-169), pBI121OsDEP1(170-426), and 
pBI121OsREX1-S, respectively. These plasmids were introduced by the freeze-thaw 
method into Agrobacterium tumefaciens GV3101 cells (Koncz and Schell 1986), which 
were then used to transform A. thaliana ecotype Col-0 plants by the floral dip-method 
(Clough and Bent 1998). Transformants were selected on MS agar media containing 50 
mg/ml kanamycin (Km) and 50 mg/ml carbenicillin. T2 seeds obtained from 
self-fertilization of primary transformants were surface-sterilized and grown on Km 
plates. Lines showing a 3:1 (resistant:sensitive) segregation ratio were selected and used 




) T3 lines that were used for further study.  
    
RT-PCR analysis 
Expression analysis of the transgene in transgenic Arabidopsis plants was performed by 
RT-PCR. Total RNA was extracted from whole seedlings, reverse-transcribed and then 
semi-quantitatively amplified using the following primer pairs: OsDEP1 forward, 
5’-GTGAAGGCGGCGAGGGT-3’:and:OsDEP1:reverse:5’-TCAACATAAGCAACCA
C-3’; OsDEP1(1-169) forward, the same forward primer used for OsDEP1 and 
OsDEP1(1-169) reverse 5’-TCAGTTCGGTTTGCAG-3’; OsDEP1(170-426) forward, 
5’-ATGTGCTGTAAACCTAACTGCAG-3’ and OsDEP1(170-426) reverse, the same 
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reverse primer used for OsDEP1.  
In case of OsREX1-S, the following primers were used OsREX1-S forward, 
5’-ATGCCTGACCTCCGCCTCCG-3’_and_OsREX1-S_reverse,_5’-TGTTGGCTTCT
CGTAGCTGTT-3’. As control, the Arabidopsis tubulin and Actin2 genes were 
amplified:using:the:following:primers:pair::tubulin:forward:5’-CGTGGATCACAGCA
ATACAGAGCC-3’ and tubulin reverse 5’-CCTCCTGCACTTCCACTTCGTCTTC-3’; 
Actin2 forward 5’-CTTACAATTTCCCGCTCTGC-3’ and Actin2 reverse 
5’-GTTGGGATGAACCAGAAGGA-3’. 
 
Response of transgenic plants to CdCl2 and measurement of Cd contents 
The seeds of control transgenics transformed with pBI121 (Clontech), and of the 
transgenics expressing full-length OsDEP1, OsDEP1(1-169), OsDEP1(170-426) and 
full-length OsREX1-S were surface-sterilized, rinsed and placed onto MGRL medium 
(Fujiwara et al. 1992; Kuramata et al. 2009) solidified with 1% (w/v) gellan gum either 
without CdCl2 (control) or with appropriate concentrations of CdCl2. After 2 weeks of 
incubation, seedling growth was analysed and root lengths were quantified using 
ImageJ software (NIH). Five-day-old Arabidopsis seedlings grown on MGRL media 
were transferred to deionized water containing 5 µM CdCl2 and incubated for a further 
5 days. The seedlings (n=5) were thoroughly washed with sterilized water, blotted with 
a paper towel, and then dried at 65°C for one day. Dried plant samples were digested 
with 60% nitric acid at 60ºC and the Cd contents then analyzed by Zeeman Atomic 
Absorption Spectrometory (VARIAN, AA240Z).  
 
Screening for Cd-tolerant clones among rice FOX-hunting lines 
In primary screens, seeds of the rice FOX Arabidopsis lines were placed on the medium 
surface of rectangular culture plates containing MGRL-1% gellan gum media and 150 
µM CdCl2. The plates were then incubated vertically in a growth chamber at 22°C with 
a 16 h light/8 h dark photocycle. After 7-14 days, the resulting phenotypes were 
recorded. Candidate seedlings were transferred to pots filled with a mixture of 
Vermiculite : Supermix A, and grown until seeds were obtained. In secondary screens, 
the selected seeds were sown onto MGRL-1% gellan gum media with or without 100 
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(or 125) µM CdCl2. 
 
Amino acid sequence analysis 
Database searches for OsREX1-S homologues were conducted using the tBlastn 
program (http://www.ncbi.nlm.nih.gov/BLAST). Multiple amino acid alignments were 
performed using ClustalW (http://www.genome.jp/tools/clustalw/) and displayed by the 
BOXSHADE program (http://www.ch.embnet.org/).  
 
Real-time RT-PCR analysis 
Total RNA samples from rice plants were prepared using Sepazol (Nacalai Tesque, 
Kyoto, Japan), then reverse-transcribed. Quantitative real-time RT-PCR analysis was 
performed using FastStart Universal SYBR Green Master (ROX) (Roche Applied 
Science, Mannheim, Germany) and the primers pair, OsREX1-S qRT forward, 
5’-GCCCGCTTCGGACAAGTT-3’:and:OsREX1-S:qRT:reverse,:5’-GAGGCTGCACA
AACATGTGTGT-3’ by a StepOne real-time PCR system (Life Technologies Japan, 
Tokyo, Japan). As control, the rice Actin2 gene was amplified using the following 
primers pair: Actin2 forward 5’-GCAGGAGCTTGAGACTGCAAA-3’ and Actin2 
reverse 5’-TCCATCGGGCAGCTCATAG-3’. 
 
GFP-fusion constructs and fluorescence microscopy 
The OsREX1-S coding region was amplified by PCR using the OsREX1 pBI121 primer 
pairs::OsREX1:pGFP2:forward:(5’-ACGGGTACCATGCCTGACCTCCGCCTCCGAT
CC-3’, in which a new KpnI site is underlined and the start codon is double-underlined) 
and:OsREX1:pGFP2:reverse:(5'-CCGCGTCTAGATGTTGGCTTCTCGTAGCTGTTT
TG-3', XbaI site is underlined). The resulting amplified fragment was digested with 
KpnI and XbaI, and then subcloned into vector pGFP2 so that it was under the control of 
CaMV 35S promoter (Yang et al. 2001) resulting in clone, pOsREX1-S:GFP. Onion 
bulbs were biolistically bombarded as described previously (Yang et al. 2001) using 
gold particles (Bio-Rad, PDS-1000/He) coated with 2.0 µg each of pGFP2 (control 
plasmid, provided by Dr. N-H Chua) or pOsREX1-S:GFP. In each case, samples were 
co-bombarded with the pSAT6-mCherry-VirD2NLS vector (CD3-1106, obtained from 
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ABRC, The Ohio University, Columbus, OH, USA), which served as a nuclear 
localization marker. After 24 h incubation at 22°C under darkness, the GFP- and 
DsRED-derived fluorescence was observed by epifluorescence microscopy (Olympus, 
BX61).  
 
The root-bending assay 
One-week-old seedlings, grown vertically on 1.5% agar plates under visible light, were 
exposed to UVB radiation supplied by UVB-bulbs (FL20SE, Toshiba) at a total dose of 
0.5, 1 or 2 kJ m
-2
 (2 W m
-2
 for 4, 8 or 16 min). After UVB exposure, the plates were 





, LH-220N, NK-System Biotron) or under red-light radiation (640 nm Red 




, CNF26-100TR, Sigma Electronics Co. Ltd.) and root length was 
monitored.  
 
Analysis of induction and repair-activity of CPDs 
The production and repair of CPDs were analyzed by an enzyme-linked immunosorbent 
assay (ELISA). One-day-old seedlings grown under visible radiation were exposed to 1 
kJ m
-2
 of UVB radiation and then immediately transferred to visible (white) or red light 
conditions and grown for 3 days before being harvested. Whole DNA was extracted 
from each sample as previously described (Teranishi et al. 2004) and 50 µL of the 
extracted DNA was placed into each well of the ELISA plate. CPDs were detected using 
the specific antibody (TDM-2, Cosmo Bio Co., Ltd. Tokyo, Japan) (Mori et al. 1991). 
The DNA concentration was adjusted to 0.25 µg mL
-1
 for incubation with TDM-2. 
ELISA was performed as previously described (Takeuchi et al. 1996). 
 
Bleomycin (or mitomycin C) sensitivity assay 
Arabidopsis seeds were germinated in MS solution and incubated for 7 days, then the 
seedlings were transferred to deionized water-contained plastic dishes (6 cm in 
diameter) and treated with 30 mg L
-1
 each of bleomycin (Nippon Kayaku Co. Ltd., 
Tokyo, Japan) and mitomycin C (MMC, Code # 134-07911, Wako Pure-Chemical Co. 
Ltd., Osaka, Japan) and further incubated for one week. The antibiotic was dissolved in 
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solution of ethanol: 35% polyethyleneglycol (1:9, v/v) and 150 µL of the solution were 
added to 5 mL deionized water for treatment. 
 
Chlorophyll quantification 
Seedlings were ground with mortar and pestle, and the powdered tissues were extracted 
with an 80% acetone solution. The samples were clarified by centrifugation for 10 min 
at 9,000 x g. The absorbance of the supernatants was measured at 664 nm and 647 nm 
and the chlorophyll content per g freshweight was determined according to the method 
of Lichtenthaler (1987). 
 
Statistical analysis 













 Identification and characterization of a novel Cd tolerance gene, OsDEP1, by 





Identification of OsDEP1 as a clone conferring Cd-tolerance to yeast cells 
Of the approximately 3.0 x 10
5
 O. sativa cDNA clones analysed, 6 clones were 
identified as conferring Cd tolerance. Of these clones, 3 encoded class I MTs; the fourth 
clone was a homolog of Hypochaeris radicata HrCDT3 (accession number, AB454513) 
that has been implicated in Cd tolerance (published only in the NCBI database); the 
fifth clone encoded OsCDT1 (accession number, AK121052), which was also 
previously identified as a Cd tolerance related clone (Kuramata et al. 2009; Matsuda et 
al. 2009); while the sixth clone was found to encode a protein that shows a high level of 
similarity to a keratin-associated protein (accession number, FJ039905). Interestingly, 
the gene corresponding to this latter clone was first identified as the causal gene of the 
rice panicle morphology mutant by two independent research groups (Huang et al. 
2009; Zhou et al. 2009) and was thus termed OsDEP1 (Oryza sativa dense and erect 
panicle 1). More importantly, a recent study has indicated that the gene product, 
OsDEP1, is an isoform of G protein γ subunits (Botella 2012). As no studies on 
OsDEP1 in relation to heavy metal tolerance have been reported, I focused on this clone 
in this study. 
 
Confirmation that OsDEP1 confers Cd-tolerance  
The fragment covering the full-length open reading frame of OsDEP1 was re-cloned 
into the pGK1 empty vector (EV) to result in the recombinant plasmid, pOsDEP1. 
Subsequently, pGK1 and pOsDEP1 were introduced into Cd-sensitive ∆ycf1 yeast cells, 
and the respective transformants then spotted onto SD-Ura agar plates with or without 
50 µM CdCl2. The ∆ycf1 cells carrying pOsDEP1 grew well in Cd-containing media, 
even better than the WT cells carrying EV (Fig. I-1). OsDEP1 encodes a protein 
composed of 426-amino acids. Database searches revealed that OsDEP1 orthologs and 
paralogs are found in monocotyledonous plants, such as Triticum urartu (accession 
number GQ324995; encoding a peptide of 283 amino acids), Hordeum vulgare 
(FJ039903; 295 amino acids) and Zea mays (NM_001158725; 408 amino acids), as well 
as in dicotyledonous plants, such as Arabidopsis thaliana (AGG3, an isoform of γ 
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subunits, NM_147870; 251 amino acids), Glycine max (BT095006; 209 amino acids), 
Ricinus communis (XM_002516219; 336 amino acids) and Vitis vinefera (CBI27799; 
153 amino acids) (Fig. I-2). Amino acid sequence similarities between OsDEP1 and its 
dicotyledonous counterparts were mainly restricted to the N-terminal half (amino acid 





Fig. I-1. Identification of rice OsDEP1 as a clone conferring Cd-tolerance to yeast cells. 
Cd tolerance of yeast cells expressing OsDEP1. Cells of Saccharomyces cerevisiae 
strain BY4742 (∆ycf1) carrying pGK1 (empty vector, EV) or pOsDEP1, and its parental 
strain (WT, BY4742) carrying EV were grown in SD-Ura liquid media for 16 h. The 
optical density at 600 nm (OD600) of the cultures was adjusted to 1.0 from which 








) were prepared. Subsequently, 5 µl 
aliquots of each dilution were spotted onto SD-Ura control media (left panel) or media 





Fig. I-2. Phylogenetic relationships between OsDEP1 and its orthologs and paralogs in 
other monocot and dicot plants. 
 
 
Impact of the C-terminal half of OsDEP1 on yeast Cd tolerance  
OsDEP1 is composed of two domains; an N-terminal half (amino acid positions 1-169) 
and a C-terminal half (amino acid positions 170-426). OsDEP1 is a highly Cys-rich 
protein, with 120 of the 426 amino acids (28.2%) being Cys residues, and 88 of which 
are localized to the C-terminal region (Fig. I-3A). Two truncated derivatives of OsDEP1, 
with fragments covering the OsDEP1(1-169) and OsDEP1(170-426) regions, were 
cloned into the pGK1 vector resulting in constructs pOsDEP1(1-169) and 
pOsDEP1(170-426), respectively. These plasmids were introduced into S. cerevisiae 
BY4742 (∆ycf1) and assayed for Cd tolerance. The results demonstrated that 
OsDEP1(170-426) conferred the same level of Cd tolerance to yeast cells as the intact 
OsDEP1 clone, whereas OsDEP1(1-169) had only a slight effect on Cd tolerance (Fig. 
I-3B). This result was further supported by turbidity growth assays, performed in 
SD-Ura liquid media containing 40 µM CdCl2, in which host growth was monitored 
after the initial turbidity of the cultures was adjusted to OD600 = 0.2. After 24 h of 
growth, hosts carrying intact OsDEP1 or OsDEP1(170-426) reached a cell density of 
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OD600 = 1.6, whereas hosts carrying EV or OsDEP1(1-169) only attained an OD600 = 
1.0 (Fig. I-3C). These results clearly demonstrate that the OsDEP1(170-426) region is 




Fig. I-3. OsDEP1 is composed of two domains; the carboxy-terminal half is Cys-rich 
and is sufficient to confer Cd tolerance to yeast cells. A. Schematic representation of 
OsDEP1 and its two truncated derivatives. OsDEP1 is a protein consisting of 426 amino 
acids, of which 120 are Cys residues and with 88 of these Cys residues being localized 
to the OsDEP1(170-426) C-terminal half. B. Cd tolerance of yeast cells expressing 
intact OsDEP1, or the truncated OsDEP1(1-169) and OsDEP1(170-426) derivatives. 
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Experiments were performed as described in Fig. I-1. C. Growth curves of yeast strains 
in SD-Ura liquid medium supplemented with 40 µM CdCl2. The growth of the yeast 




Metal specificity of OsDEP1 in yeast 
The specificity of OsDEP1-induced tolerance to specific metals in yeast was examined 
by an antibiotic assay method. The pOsDEP1 and control (EV) plasmids were 
introduced into the appropriate metal-sensitive yeast hosts, which were then added to 
molten top agarose media and immediately layered onto basal agar media. Subsequently, 
Cd, Cu, Co, Ni, Zn or Mn (all added as chloride salts) were infused into antibiotic assay 
discs and placed onto the solidified top agarose media. The diameters of the growth 
inhibition zones were measured after specific periods of incubation. In addition to Cd 
(Fig. I-4A), yeast cells carrying pOsDEP1 also showed tolerance to Cu (Fig. I-4B) but 
not to the other four metals (Figs. I-4C to F). As the statistics did not support a 
significant difference in Cu response between cells (∆cup2) carrying EV or pOsDEP1, 
the Cu tolerance conferred by OsDEP1 expression in yeast was further confirmed by 
dilution spot tests. In the presence of 300 µM CuCl2, the ∆cup2 yeast cells carrying 
pOsDEP1 grew far better than those carrying EV (Fig. I-5). Furthermore, as with Cd 
tolerance, only the C-terminal OsDEP1(170-426) region was responsible for the 
observed Cu tolerance phenotype, whereas the N-terminal OsDEP1(1-169) region 













Fig. I-5. Copper tolerance of yeast cells carrying pOsDEP1 and its two deletion 
derivatives. Experiments were performed as described in Fig. I-1 except that the 50 µM 
CdCl2 was replaced with 300 µM CuCl2 (right panel). 
 
 
Transgenic plants expressing OsDEP1 and OsDEP1(170-426) are Cd tolerant but 
those overexpressing OsDEP1(1-169) are not 
To determine the role of OsDEP1 in response to Cd in planta, I generated three series of 
Arabidopsis transgenic plants; i.e., those overexpressing full-length OsDEP1, and its 
two deletion derivatives, OsDEP1(1-169) and OsDEP1(170-426). Several independent 
homozygous lines expressing each of these constructs were obtained, and two lines each 
of the OsDEP1 and OsDEP1(170-426) transgenics were selected for further study. High 
expression levels of OsDEP1 in these transgenic lines were validated by RT-PCR 
analysis (Fig. I-6A). In terms of Cd tolerance, lines #23 and #28 were tolerant to CdCl2 
compared to control transgenic plants when tested on Cd assay plates (Figs. I-6B, C). 
Similarly, lines Crich6 and Crich9 expressing OsDEP1(170-426) showed increased Cd 
tolerance (Figs. I-6D, E). In contrast, none of the eight homozygous lines 
overexpressing OsDEP1(1-169), including ∆Crich1 and ∆Crich2, showed any such 








Fig. I-6. Generation of transgenic Arabidopsis lines expressing intact OsDEP1 and its 
truncated OsDEP1(1-169) and OsDEP1(170-426) derivatives, and their responses to 
CdCl2-induced stress. A, RT-PCR analysis of OsDEP1 and OsDEP1 (170-426) in each 
of two independent transgenic Arabidopsis lines. EV, control transgenic line; lines #23 
and #28, transgenic lines carrying the intact OsDEP1 gene; lines Crich6 and Crich9, 
transgenic lines carrying the OsDEP1(170-426) Cys-rich domain. The Arabidopsis 
tubulin gene (accession number NM_001203444, AtTUB) was used as a loading control. 
B-E, Transgenic seeds were sown onto MGRL-1% gellan gum media with or without 
75 µM CdCl2 for two weeks, at which time pictures and root length measurements were 
taken. B, Growth responses and C, Root lengths of control transgenic (EV) and two 
independent OsDEP1 transgenic Arabidopsis lines, #23 and #28, in response to control 
0 µM and 75 µM CdCl2. Asterisks indicate that the difference from the control (EV) is 
statistically significant. 
***
P<0.001. D, Growth responses and E, Root lengths of control 
transgenic (EV) and two independent transgenic Arabidopsis lines, Crich6 and Crich9, 
expressing the Cys-rich OsDEP1(170-426) region, to control (0 µM) and 75 µM CdCl2. 
Asterisks indicate that the difference from the control (EV) is statistically significant. 
***
P<0.001. F, RT-PCR analysis of OsDEP1(1-169) in each of two independent 
transgenic Arabidopsis lines. EV, control transgenic line; lines ∆Crich1 and ∆Crich2, 
transgenic lines carrying the OsDEP1(1-169) domain. G, Growth responses and H, 
Root lengths of control transgenic (EV) and two independent transgenic Arabidopsis 
lines, ∆Crich1 and ∆Crich2, expressing the OsDEP1(1-169) region, to control (0 µM) 












Transgenic plants expressing OsDEP1 and OsDEP1(170-426) accumulate more Cd 
Seedlings of the above four Arabidopsis lines, #23, #28, Crich6 and Crich9, together 
with the pBI121 vector-transformed control transgenic line (EV), were treated with 5 
µM CdCl2 for 5 days and their total tissue Cd levels then determined. All four lines, 
expressing either OsDEP1 or OsDEP1(170-426) accumulated more Cd compared to the 
control EV and OsDEP1(1-169) transgenics (Fig. I-7). In particular, line #28, with the 
highest level of transgene expression, accumulated about 3-fold more Cd than control 





Fig. I-7. Cd content in control and transgenic Arabidopsis seedlings carrying intact 
OsDEP1 or the truncated C-terminal OsDEP1(170-426) region. The control transgenics 
(pBI121, EV), and transgenics carrying either the intact OsDEP1 (lines #23, #28) or the 
truncated OsDEP1(170-426) region (lines Crich6, Crich9), were sown on MGRL-1.0% 
gellan gum media and then transferred to 5 µM CdCl2 solution for 5 days before their 
total Cd contents were determined. The data are means + SD from three independent 
experiments. Asterisks indicate that the difference from the control (EV) is statistically 




Cd responses of loss-of-function heterotrimeric G protein gene mutants  
As introduced above, Arabidopsis has one α (GPA1), one β (AGB1) and three γ (AGG1, 
AGG2 and AGG3) subunits in its heterotrimeric G protein system (Thung et al. 2012; 
Botella 2012). To address whether a heterotrimeric G protein signaling pathway is 
involved in the Cd response, I examined the Cd sensitivity of various loss-of-function 
heterotrimeric G protein gene mutants of Arabidopsis (Fig. I-8A). Validation of the 
mutants was tested by RT-PCR analysis (Figs. I-8B, C). Two allelic mutants of AGB1, 
agb1-1 and agb1-2, showed no differences in their Cd sensitivity compared to WT (Figs. 
I-8D, G). Similarily, whereas the agg1-1C and agg3-1 single mutant plants showed 
hypersensitivity to Cd (Figs. I-8E, F), the agg1-1C, agg2-1, agg3-1 triple mutant did not 
show any differences in its Cd sensitivity from WT plants (Fig. I-8G). Based on the 
results of the β subunit mutant plant and triple mutant plant, we tentatively conclude 
that the βγ complex-mediated signaling pathway does not induce a cascade that leads to 
Cd tolerance. Interestingly, and in contrast, the α subunit mutant, gpa1-4, showed Cd 






Fig. I-8. Cd response of the Arabidopsis mutants of G protein subunit genes. A, 
Schematic drawing of genomic organization of Arabidopsis G protein subunit genes. B 
and C, Confirmation of the heteromeric G protein subunit gene mutants. Expression 
analysis of AtGPA1, AtAGB1, AtAGG1, AtAGG2 and AtAGG3 in WT (Col-0), gpa1-4, 
agb1-1, agb1-2, agg1-1C, agg3-1 and agg1-1C agg2-1 agg3-1 Arabidopsis seedlings 





ATTT-3’; AtAGG2 forward, 5’-TCCTTGTAATTTTTGTATCCA-3’ and AtAGG2 
reverse,:5’-AGCCTCTCTCAGAGCTCACCA-3’;:AtAGG3:forward,:5’-ATGTCTGCT
CCTTCTGGCGGT-3’ and AtAGG3 reverse, 5’-CATCTGATCTTGCAGTTGCAG-3’. 
AtActin2 was used as a loading control. D-G, Root lengths of control WT (parental line) 
and mutant lines in response to control (0 µM) and 75 µM CdCl2. D, WT (Col-0), Gα 
(gpa1-4) and Gβ (agb1-2) mutants; E, WT (Col-0) and agg1-1C mutant; F, WT (Col-0) 
and agg3-1 mutant; G. WT (Col-0) and agb1-1 and the triple mutant agg1-1C agg2-1 
agg3-1. The data are means + SD from three independent experiments. Asterisks 








Fig. I-9. Growth responses of the loss-of-function mutants of heterotrimeric G 











OsDEP1 is a useful genetic resource for phytoremediation of Cd and Cu pollution 
By extensive screening of a rice cDNA library, aimed at identifying clones that could 
confer Cd tolerance to yeast cells, I obtained OsDEP1. The gene product, OsDEP1, 
consists of 426 amino acids with a high Cys residue (28.2%) content clustered in the 
C-terminal half of the protein. In our studies, the Cys-rich C-terminal half (amino acid 
positions 170-426) of OsDEP1 was sufficient to provide exactly the same level of Cd 
tolerance to yeast as nascent OsDEP1, whereas the OsDEP1 N-terminal portion 
(positions 1-169), despite containing 32 Cys residues, could only confer limited Cd 
tolerance to host yeast cells (Figs. I-3B, C). Similarly, in the transgenic Arabidopsis 
plants, expression of either the full-length OsDEP1 or its C-terminal Cys-rich region 
could provide enhanced tolerance to Cd toxicity (Fig. I-6). In addition, OsDEP1 and its 
Cys-rich C-terminal half, but not its N-terminal half, could provide enhanced tolerance 
of yeast cells to Cu
2+
, but not to other heavy metals (Fig. I-4, Fig. I-5). The transgenic 
plants expressing OsDEP1 or OsDEP1(170-426) were able to accumulate more Cd in 
their tissues than control plants. Indeed, there was a positive correlation between the 
levels of OsDEP1 or OsDEP1(170-426) expression and the amount of Cd accumulated 
(Fig. I-7). Based on these results, I propose that OsDEP1, and even its C-terminal 
region alone, would be an extremely useful genetic resource for phytoremediation of Cd 
and Cu contaminated sites. Several rice cultivars are known to be Cd hyperaccumulators 
or Cd hypoaccumulators (Uraguchi et al. 2009; Ueno et al. 2011), and it will be 
interesting to examine whether there is any correlation between the levels and quality of 
OsDEP1 transcripts in these cultivars and their ability to accumulate Cd. 
    
Comparison of OsDEP1 and other Cys-rich proteins involved in Cd tolerance 
Several other studies have previously identified Cys-rich proteins that can provide 
enhanced tolerance to Cd toxicity. DcCDT1 from Digitaria ciliaris is a 55-amino acid 
peptide of which 15 residues (27%) are Cys. The protein is localized to the cytoplasmic 
membrane and appears to function in the chelation and possible extrusion of Cd, since 
transgenic DcCDT1 plants accumulate considerably less Cd than controls (Kuramata et 
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al. 2009). The 25-kDa CRP protein of earthworm, Enchytraeus buchholzi, contains 27% 
Cys residues that are present predominantly in a Cys-X-Cys and Cys-Cys arrangement. 
The gene encoding CRP is Cd-inducible, suggestive of a defensive role in Cd-induced 
damage (Willuhn et al. 1994). Similarly, OsDEP1 contains 28% Cys residues and its 
Cys arrangement resembles that of CRP. As with DcCDT1, the OsDEP1 protein 
localizes to cytoplasmic membranes and/or nuclei (Huang et al. 2009; Zhou et al. 2009; 
Taguchi-Shiobara et al. 2011) but, in contrast to DcCDT1, transgenic Arabidopsis plants 
expressing OsDEP1 or OsDEP1(170-426) accumulate more Cd than controls. 
Considering that OsDEP1 is a Gγ subunit, it is likely that it is localized to the inside of 
cytoplasmic membranes whereas DcCDT1 may be oriented to the outside of the 
cytoplasmic membrane. Such a possibility would explain the observed differences in Cd 
uptake between the DcCDT1- and OsDEP1-expressing transgenics plants. Further work 
is required to substantiate this hypothesis. 
 
Does OsDEP1 activate the Cd tolerance system via heterotrimeric G protein 
signaling? 
OsDEP1 was formerly identified through QTL analysis as a gene that controls panicle 
erectness, grain number per panicle and consequently grain yield (Huang et al. 2009; 
Zhou et al. 2009; Taguchi-Shiobara et al. 2011). Although the functional OsDEP1 allele 
was found to result in drooping panicles, deletion mutations in the Cys-rich region 
caused semi-dwarfism, increased spikelet numbers and erect panicles (Huang et al. 
2009; Zhou et al. 2009; Taguchi-Shiobara et al. 2011). As reported recently, the 
Arabidopsis DEP1 homologue, AGG3, is a γ subunit of heterotrimeric G-proteins, and 
regulates guard cell K
+
-channel activity and influences organ size and shape 
(Chakravorty et al. 2011; Li et al. 2012a, 2012b). Furthermore, based on the 
understanding that OsDEP1 is an AGG3 homologue, and thus a G protein γ subunit, 
Botella (2012) discusses how the OsDEP1 mutation could lead to increased grain yields. 
The N-terminal 100-amino-acid region of OsDEP1 is a γ-domain that interacts with the 
β subunit of heterotrimeric G protein complexes to transduce extracellular signals via 
cell surface receptors to downstream effectors (Botella 2012). The Gβγ subunits are 
associated with GDP-bound Gα subunits in an inactive state. Once the extracellular 
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portion of the G-protein-coupled receptor (GPCR) binds its ligand, G protein signaling 
is activated: the activated GPCR triggers dissociation of the trimeric complex to Gβγ 
and Gα subunits, with the latter becoming activated by GTP binding. The resulting Gα 
and Gβγ subunits then further transmit these signals to their own effectors (Temple and 
Jones 2007). As OsDEP1(170-426), which lacks the γ-domain essential for Gβ subunit 
association, is still able to effectively enhance Cd tolerance, it may appear that OsDEP1 
does not exert its Cd tolerance effect via G protein signaling.  
Given that OsDEP1 is a Gγ protein, there are two possibilities how OsDEP1 confers 
Cd tolerance to host plants; one is that OsDEP1 and OsDEP1(170-426) trap and 
detoxify these Cd ions directly, while the other possibility is that OsDEP1 activates the 
heterotrimeric G protein signaling pathway. Although the Arabidopsis AGG1 (=Gγ1) 
and AGG3 (=Gγ3) mutant plants were hypersensitive to Cd (Figs. I-8E, F), the two 
allelic Gβ mutant plants and the Gγ triple mutant plant did not show any differences in 
root growth in the presence of Cd (Figs. I-8D, G), indicating that the Gβγ pathway does 
not affect Cd sensitivity. On the other hand, GPA1 (=Gα) mutant plant showed Cd 
hypersensitivity compared to WT plant (Fig. I-8D). As GPA1 has been implicated in 
guard cell K
+
-channel regulation (Wang et al. 2001; Chakravorty et al. 2011), it may be 
possible that the Gα protein signaling pathway regulates certain ion channel(s) that 
recognize heavy metals such as Cd and Cu ions. Of course, further study is needed to 
determine whether the Gα pathway is really involved in the observed Cd response. If it 
is the case, then functional coupling of the heterotrimeric G protein pathway to Cd 
responses opens a new door for exploring signal cascades in plants upon exposure to Cd 













Identification of a novel rice Cd tolerance gene, OsREX1-S, by using rice FOX (Full-length 





Isolation of Cd-tolerant lines from rice cDNA expressing Arabidopsis FOX lines 
I have screened ca. 40,000 rice cDNA expressing Arabidopsis FOX lines (Kondou et al. 
2009; Sakurai et al. 2011) by the CdCl2 sensitivity assay. In the primary screen on 150 
µM CdCl2-containing MGRL-1% gellan gum media (Fujiwara et al. 1992), 179 
candidate lines were selected (see Fig. II-1), and these were then rescued by transferring 
to pots filled with soil for self-propagation. The obtained seeds were subjected to 
secondary screening on 100 µM CdCl2-containing medium, from which four lines, #26, 
#91, #108 and #136, were finally selected as ‘Cd-tolerant lines’ (Table II-1, Figs. II-2). 
The transgenes harbored by these lines were identified by DNA sequence analysis using 
genomic DNA samples prepared from the selected lines. Lines #91 and #108 carried 
genes encoding proteins of unknown function and line #136 carried a gene encoding a 
methyltransferase, whereas line #26 harbored the OsREX1-S gene (Fig. II-2C; Table II-1, 






Fig. II-1. Typical first-screening result using rice FOX Arabidopsis mutant lines. A 














Fig. II-2. Cd-tolerant phenotypes of FOX line #26. A. Growth phenotypes of line #26 
on MGRL plates containing 1% gellan gum with or without 100 µM CdCl2. 
Surface-sterilized seeds of control (Col-0) and Fox line #26 were sown onto MGRL 
plates and incubated for 10 days at 22°C under a 16 h light/8 h dark photocycle. B. Root 
length of control plants and line #26, showing a significant statistical difference 
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between wild type Col-0 and line #26. *** indicates P<0.001. C. RT-PCR analysis of 




OsREX1-S shows high level identity to plant REX1-S homologs and yeast and 
human TFB5 
The OsREX1-S gene product encodes a putative 131-amino acid protein, which I have 
termed OsREX1-S. Its carboxy-terminal half region, covering amino acid positions 62 
to 131, shows high levels of identity to other plant homologs, consisting of 71- or 
72-amino acid residues, and to Chlamydomonas reinhardtii REX1-S, a 78 residue 
protein encoded by the CrREX1-S gene (Fig. II-3A, B). As yet, a possible role for the 
amino-terminal region (amino acid positions 1 to 61) of OsREX1-S has not been 
ascribed. CrREX1-S was initially isolated as a clone that could rescue the growth of a 
UV-sensitive C. reinhardtii mutant, and its product, CrREX1-S, was shown to be 
involved in NER (Cenkei et al. 2003; Vlček et al. 2008). Furthermore, OsREX1-S 
showed considerable homology to the TFB5 proteins of both yeast (ScTFB5, 72 amino 
acid residues) and its human homolog (HsTFB5, 71 residues) (Fig. II-3A). ScTFB5 was 
identified as the tenth subunit of the transcription factor IIH (TFIIH) complex (Ranish et 
al. 2004), and functions to stabilize the complex (Giglia-Mari et al. 2004). Treatment of 
the purified TFIIH complex with anti-TFB5 antibody resulted in the loss of its repair 
reactions (Giglia-Mari et al. 2004), indicating that TFB5 participates in NER as a part of 
the TFIIH complex. Such findings strongly suggest that OsREX1-S similarly functions 














Fig. II-3. A. Amino acid alignment of OsREX1-S, AtREX1-S, CrREX1-S, yeast TFB5 
and human TFB5. Identical and conserved amino acid residues are highlighted in black 
and gray backgrounds, respectively. The accession numbers are: OsREX1-1 (Oryza 
sativa, NM_001066603), AtREX1-S (Arabidopsis thaliana, BT010796), CrREX1-S 
(Chlamydomonas reinhardtii, AAP12520), ScTFB5 (Saccharomyces cerevisiae, 
NP_076886), and HsTFB5 (Homo sapiens, NP_997001). B. Amino acid alignment of 
OsREX1-S and homologous proteins from other plants, including Chlamydomonas. 
Accession numbers are follows: ZmREX1-S (Zea mays, EU963749), SbREX1-S 
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(Sorghum bicolor, XP_002440981), HvREX1-S (Hordeum vulgare, BSK07005), 
PtREX1-S (Populus trichocarpa, XP_002329886). 
 
 
Nuclear localization of OsREX1-S in onion cells 
If OsREX1-S is a component of the rice TFIIH complex, it would be expected to 
localize to the nucleus of plant cells. To address this possibility, I examined the cellular 
localization of OsREX1-S by generating an OsREX1-S:GFP in-frame fusion construct 
and introducing it into onion epidermal cells by particle bombardment. Green 
fluorescent signals derived from OsREX1-S:GFP clearly overlapped with the red 
fluorescent signals of mCherry-VirD2NLS (a nuclear localization positive marker) in 
the co-bombarded onion cells, confirming that OsREX1-S is nuclear localized in plant 





Fig. II-4. Subcellular localization of OsREX1-S in onion epidermal cells. The pGFP2 
and pOsREX1-S:GFP2 constructs were co-bombarded with pVirD2-NLS-mCherry (a 
positive control construct used as a nuclear localization marker) into onion bulbs using a 
biolistic particle delivery system (Bio-Rad). After 24 h incubation at 23°C under 
darkness, fluorescence images were observed by fluorescent microscopy (Olympus 
BX61). DIC, differential interference contrast image; GFP, green fluorescence protein 
image; mCherry, VirD2-NLS mCherry-derived image; Merged, GFP and mCherry 




OsREX1-S is responsive to Cd and UV light treatment 
One-week-old rice seedlings were treated with Cd (100 µM) for various time periods 
and the expression of OsREX1-S was examined by real-time RT-PCR analysis. In roots, 
expression of OsREX1-S was significantly upregulated at 3 h after the Cd treatment and 
then gradually decreased, whereas, in aerial parts, the transcript levels increased to 
about 2.5-fold at 3 h (Figs. II-5A and II-5B). I next examined whether OsREX1-S is 
responsive to UVB radiation. One-week-old rice seedlings were UV-irradiated with 
three different doses of 0.5 kJ, 1 kJ and 2 kJ, respectively. In root parts, OsREX1-S 
expression was enhanced to about 2-3 fold higher compared to control plant roots (Fig. 
II-5C), and, even in shoots, its expression increased to about 1.3 to 2.3-fold higher 





Fig. II-5. Effect of CdCl2 and UVB on OsREX1-S expression in rice seedlings. A and B 
Relative OsREX1-S transcript levels in Cd-treated rice seedlings. A roots; B shoots. 
Expression levels were examined by real-time RT-PCR analyses. In B, the inset has 
magnified scale in ordinate; i.e., maximum scale is 3 (x 30). The expression levels of 
OsREX1-S between 0 time point and certain time periods after CdCl2 treatment are 
significantly different (
*
 represent P<0.05; 
**
 represent P<0.01). C and D Relative 
OsREX1-S transcript levels in UVB-irradiated rice seedlings. Rice plants were irradiated 
at three different doses (0.5, 1 and 2 kJ). C roots; D shoots. OsActin 2 was used as a 
loading control. The expression levels of OsREX1-S in rice seedlings with or without 










Reconfirmation of Cd tolerance in Arabidopsis plants overexpressing OsREX1-S 
To exclude the possibility that factors other than OsREX1-S overexpression may have 
been responsible for the improved growth characteristics of the initially-identified line 
#26 in response to Cd treatment, I subsequently generated transgenic Arabidopsis lines 
expressing OsREX1-S and examined whether they displayed UVB tolerance. Here, I 
used two independent homozygous lines, OsREX1-1 and OsREX1-2, each carrying a 
single copy of OsREX1-S under control of the CaMV 35S promoter (Fig. II-6A). Seeds 
of these OsREX1-S as well as control transgenic plants were sown onto MGRL media 
with or without 100 µM CdCl2 and plant growth monitored. The Cd-induced inhibition 
of root growth was clearly attenuated by expression of OsREX1-S in the two transgenic 
lines (Figs. II-6B and II-6C). These results conclusively demonstrate that expression of 







Fig. II-6. Transgenic Arabidopsis plants expressing OsREX1-S consistently display 
Cd-tolerance. A. RT-PCR analysis of OsREX1-S expression in the control transgenic 
(empty vector, EV) and two independent OsREX1-S transgenic lines OsREX1-1 and 
OsREX1-2. AtActin2 was used as a loading control. B. Growth phenotypes of the 
control transgenic seedlings (EV) transformed with pBI121, and transgenic lines 
OsREX1-1 and OsREX1-2 grown on MGRL plates containing 1% gellan gum with or 
without 100 µM CdCl2. Surface sterilized seeds were sown onto MGRL plates and 
incubated for 1 week at 22°C under the same photo regime. C. Alleviation of root 






Transgenic Arabidopsis expressing OsREX1-S become UVB tolerant through 
enhanced DNA repair activity  
Next I tested whether the above transgenic Arabidopsis lines expressing OsREX1-S 
display UVB tolerance. The relevance of the UVB response assay was evaluated using 
an Arabidopsis photolyase mutant, uvr2-1 (Landry et al. 1997). In this assay, plants 
were irradiated with a certain dose of UVB radiation, and then further incubated under 
normal or red light conditions after which plant root growth was monitored (Takano et 
al. 2013). Under red light conditions, photo-repair activity was not functional. In uvr2-1, 
root growth after UV-B radiation was severely disturbed under normal light conditions 
but was comparable to that of wild-type (Ler) plants under red-light conditions (Fig. 
II-8), indicating that our assay conditions were valid. Under similar experimental 
conditions as described above, I found that root growth of the two OsREX1-S 
overexpressing lines following UVB irradiation, most notably at 1 kJ, were far better 
than that of the control transgenic plant containing the empty pBI121 binary vector 
(EV), when grown under red light conditions (Figs. II-7 A-F). These results are clearly 
indicative of the involvement of OsREX1-S in NER. Furthermore, I quantified the 
amounts of cyclopyrimidine dimers (CPDs) in genomic DNA samples from control and 
OsREX1-1 transgenic plants irradiated by UVB light and also following an additional 3 
day-incubation under normal or red light conditions. In normal light conditions, almost 
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zero levels of CPDs were detected, while, in red light-irradiated plants, the CPD content 
was significantly lower in transgenic plants overexpressing OsREX1-S than in the 
control transgenic plants. Incubation was performed with anti-CPD antibody for 15 min 
(Fig. II-9A) and 30 min (Fig. II-9B), respectively, demonstrating that OsREX1-S 




Fig. II-7. UVB-tolerance of transgenic Arabidopsis plants expressing OsREX1-S. A-F 
Root growth after UVB radiation was monitored by the root bending assay (see 
Materials and methods). One-week-old control and OsREX1-1 and OsREX1-2 
transgenic plants were UV-irradiated (0, 0.5 kJ, 1 kJ or 2 kJ), and then incubated further 
under either normal white light or red light conditions. Root lengths after 
UVB-irradiation were quantified using image-J software (NIH). A and B Control 
transgenics. C and D OsREX1-1. E and F OsREX1-2. A, C, E White light conditions. 




Fig. II-8. Validation of our root bending assay using the uvr2-1 mutant after UVB 
irradiation. One-week-old control (Ler) and uvr2-1 mutant plants were UV-irradiated (0, 
0.5 kJ, 1 kJ or 2 kJ), and then incubated further under either normal white light or red 
light conditions. Root lengths after UVB-irradiation were measured using a ruler. A and 






Fig. II-9. Changes in CPD levels in response to UVB irradiation. The CPDs induced by 
UV radiation were found to decrease more in transgenic Arabidopsis plants expressing 
OsREX1-S than in control transgenic plants. The CPD amounts were quantified by 
ELISA using anti-CPD antibody as a 1
st
 antibody. Zero day, right after UVB-irradiation, 
genome DNAs were prepared; 3 day light, after UVB-radiation, seedlings were 
incubated for 3 days under normal light bulbs; 3 day Red, after UVB-radiation, 
seedlings were incubated for 3 days under red light. The respective genome 
DNA-bound plate was incubated for 15 min (A) and 30 min (B) with anti-CPD antibody 
as a 1
st
 antibody. Difference in CPD contents between Col-0 and OsREX1-1 plants 
grown under red-light condition was significant (**P<0.01) 
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Arabidopsis plants overexpressing OsREX1-S become tolerant to Bleomycin and 
mitomycin C 
Bleomycin and MMC induce DNA strand breaks and radical-mediated DNA 
cross-linking, respectively (see Fig. II-10, Kersten and Rauen 1961; Suzuki et al. 1969; 
Takimoto and Calvo 2008; Deans and West 2011). Next I examined whether 
OsREX1-S-expressed transgenic plants become bleomycin- and MMC-tolerance. 
Bleomycin (or MMC) triggered severe chlorosis in WT plant leaves, whereas the 
drug-treated OsREX1-1 and OsREX1-2 plant leaves still retained green color (Fig. 
II-11A). Higher contents of chlorophyll pigments in OsREX1-1 and OsREX1-2 plants 
after the drug treatment compared to those in WT (Col-0) plants further support the 
above notion (Fig. II-11B). The result further suggests OsREX1-1 and OsREX1-2 plants 




Fig. II-10. Schematic drawing of representative DNA damage. Blue circles indicate the 
damaged regions. A. CPD formation by UV light. B. Single-strand- and 
double-strand-break caused by certain chemicals such as Bleomycin. C. Interstrand 





Fig. II-11. Transgenic Arabidopsis plants expressing OsREX1-S become bleomycin and 
mitomycin C (MMC) tolerant. One-week-old seedlings (Col-0, OsREX1-1 and 
OsREX1-2) were untreated or treated with 30 µg/mL each bleomycin and MMC for 7 
days. A. The representative phenotypes of Col-0, OsREX1-1 and OsREX1-2 after 
treatment. B. Chlorophyll concentration in Col-0, OsREX1-1 and OsREX1-2 after 
treatment. Chlorophyll contents were measured by a procedure of Lichtenthaler (1987). 
Difference in chlorophyll concentration between bleomycin (or MMC)-treated Col-0 






Three excision repair pathways exist to repair single stranded DNA damage, of which 
NER is of particular importance for removing mutations arising from UV-induced DNA 
damage that results in the formation of CPDs and 6,4 photoproducts. DNA damage is 
first recognized because the pyrimidine dimers introduce local conformational changes 
in the DNA structure. This leads to the processes of dual incision, repair, and ligation 
during which the short single-stranded DNA segment containing the lesion is cut at its 
5’ and 3’ ends and removed, followed by synthesis of a short complementary sequence 
by DNA polymerase using the undamaged single-stranded DNA as template, and then 
DNA ligase finally completing NER with formation of the double stranded DNA. NER 
is a more general mechanism for repair of lesions than photoreactivation in which 
photolyase enzymes directly reverse CPDs by photochemical reactions. Transcription 
factor II H (TFIIH), the key enzyme of the dual incision process, is a complex 
consisting of 10 proteins (Takagi et al. 2003; Giglia-Mari et al. 2004). All TFIIH 
subunits except for TFB5 are essential for viability because they are necessary for 
transcription (Feaver et al. 2000; Takagi et al. 2003; Giglia-Mari et al. 2004). 
Involvement of plant TFIIH subunits in NER has been amply demonstrated; for 
example, Arabidopsis AtXPB1 mutant, in which one of two XPB homologues was 
interrupted by a T-DNA insertion, showed impaired DNA repair (Costa et al. 2001). 
Arabidopsis UVH6, a homolog of human XPD, functions in the NER pathway (Liu et al. 
2003). Arabidopsis GTF2H2 restored UV resistance in the NER-defective ssl1 yeast 
mutant (Vonarx et al. 2006).    
   Yeast TFB5 and its human ortholog, both with a molecular size of ca. 8 kDa, were 
identified as the tenth subunits of TFIIH (Ranish et al. 2004; Giglia-Mari et al. 2004). 
Yeast cells lacking TFB5 displayed UV hypersensitivity (Ranish et al. 2004). C. 
reinhardtii CrREX1-S was identified as a suppressor clone of a UV-sensitive 
Chlamydomonas mutant and it was further shown to be involved in NER (Cenkci et al. 
2003). The OsREX1-S protein, encoded by OsREX1-S which here I have identified as a 
clone conferring Cd-tolerance to Arabidopsis plant, is an ortholog of yeast and Human 
TFB5 as well as of C. reinhardtii CrREX1-S (Fig. II-1D, Ranish et al. 2004; 
54 
 
Giglia-Mari et al. 2004). I tested whether the intact OsREX1-S clone or its truncated 
OsREX1-S peptide derivative, consisting of amino acid residues 62 to 131 (∆1-61), 
could recover the growth of the S. cerevisiae ∆tfb5 mutant (strain JRY11, with a deleted 
TFB5, provided by Dr. Jeffrey Ranish) on Cd-containing medium. However, as neither 
of these OsREX1-S clones could rescue ∆tfb5 growth (data not shown), I concluded that 
heterologous expression of the rice homolog was unable to stabilize the TFIIH complex 
in yeast. Nevertheless, transgenic Arabidopsis overexpressing OsREX1-S displayed 
increased UVB tolerance by limiting the production of CPD, one of the consequences of 
UVB-induced DNA damage (Figs. II-7 and II-9) and showed tolerance to DNA strand 
break-inducing chemicals such as bleomycin and mitomycin C (Fig. II-11). These 
results strongly support the possibility that OsREX1-S is involved in NER. This is the 
first indication that overexpression of a putative subunit-encoded gene of TFIIH 
complex strengthened Cd-, bleomycin- (or mitomycin C) and UVB-tolerance, possibly 
through enhanced NER activity (Figs. II-2, II-7 and II-9-11).  
    My initial finding was that the FOX line #26, carrying OsREX1-S, was indeed 
Cd-tolerant (Figs. II-1 and II-2). A large amount of accumulating data indicates a 
significant effect of Cd on oxidative stress-induced DNA damage, the major product of 
which is 8-hydroxyguanine (8-oxoG) (for review see Giaginis et al. 2006 and references 
therein; Brennan and Schiestl 1996; Schwerdtle et al. 2010). I therefore examined the 
amounts of 8-oxoG accumulated in control and OsREX1-S overexpressing transgenic 
plants after Cd exposure using an anti-8-oxoG antibody, but I was unable to detect 
differences between the control and OsREX1-S transgenic plants, possibly because of 
their high 8-oxoG background levels (data not shown). Unlike UVB, Cd does not 
trigger production of CPDs in cells, although it interferes with DNA repair processes, 
especially excision and mismatch repair (Giaginis et al. 2006).  
Giglia-Mari et al. (2004) demonstrated that transient expression of TFB5 in 
TFB5-deficient human cells increased the cellular TFIIH content. These authors 
concluded that expression of TFB5 leads to higher TFIIH complex concentrations in 
vivo, which thus enhance both the longevity of the complex and its repair and 
transcriptional activities. Applying this concept to our plant system, it is possible that 
OsREX1-S overexpression stabilizes the plant TFIIH complex and increases its cellular 
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concentration, thereby enhancing DNA repair activity in these plants. Of course, further 
studies are required to substantiate our hypothesis.  
   Here, I have demonstrated that Arabidopsis plants expressing OsREX1-S display 
both Cd- and UVB-tolerance. Therefore the use of rice plants overexpressing OsREX1-S, 
which are currently under development, may be expected to be useful plant resources 









In this study, I took two approaches to identify novel rice cDNA clones that confer Cd 
tolerance to plant cells. The one is a high-throughput type approach using 
Cd-hypersensitive yeast. The other is functional screening using the Arabidopsis seed 
pool, each of which expresses a full-length rice cDNA randomly. From the former 
OsDEP1 was obtained, while from the latter OsREX1-S was identified.  
   OsDEP1 was already reported as a causal gene to control panicle morphology in 
rice plant, but no reports in relationship with Cd (or heavy metal) response were 
documented. Therefore, I continued to work on it. During this study, it was proven that 
an Arabidopsis ortholog, AGG3, encodes a heterotrimeric G protein γ subunit. The gene 
product, OsDEP1, is a 426-amino acid protein consisting of three domains, (1) γ domain 
of 1 to 110 amino acid-portion, which is required for interaction with Gβ subunit, (2) 
transmembrane domain of 111 to 169 amino acid region and (3) cysteine-rich domain of 
170 to 426 amino acid-portion. To dissect OsDEP1 further, I made two truncated 
versions of OsDEP1, namely OsDEP1 (1-169) and OsDEP1 (170-426) and examined 
Cd response in yeast and plant cells. OsDEP1 (170-426) but not OsDEP1 (1-169) 
conferred Cd tolerance to both host cells. I examined whether the heterotrimeric G 
protein signal transduction pathway activates an unidentified component(s) which leads 
to Cd tolerance of Arabidopsis host cells. For that purpose, I used several 
loss-of-function mutants of the gene encoding the corresponding heterotrimeric G 
protein subunit. The result obtained did not support the involvement of G protein 
signaling pathway. Taken all, I conclude that the cysteine-rich region of OsDEP1 traps 
Cd and lead to its inactive status. 
   The gene product, OsREX1-S, shows high identify to Chlamydomonas reinhardtii 
REX1-S and further to yeast and human RNA polymerase II transcription factor B5s 
(TFB5s). TFB5 was identified as 10
th
 subunit of transcription factor complex called 
TFIIH. This complex plays roles not only in transcription but also in DNA repair. The 
Arabidopsis plants expressing OsREX1-S showed UVB tolerance by reducing 
cyclopyrimidine dimer content. Those transgenic plants showed bleomycin- and 
mitomycin C-tolerance, suggesting that the DNA lesions generated by those chemicals 
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having strand-break- and interchalation- activity on DNA are repaired. Cd tolerance 
displayed by those plants may be explained that oxidative DNA damage triggered by Cd 
exposure is cured by enhanced DNA repair activity of Arabidopsis TFIIH supplemented 
rice REX1-S.  
   This study provides the idea that plants used for phytoremediation should be 
equipped with the cysteine-rich protein such as OsDEP1 to attenuate Cd toxicity and the 
protein enhancing DNA repair activity such as OsREX1-S (Fig. III-1).  
 
 
Fig. III-1. In this study, I isolated two rice genes, OsDEP1 and OsREX1-S, which are 
involved in Cd detoxification (highlighted with blue color) and repair of DNA lesion 
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